Afforestation in semi-arid regions can potentially enhance the global carbon sink by increasing the terrestrial biomass. However, the survival of planted forests under such extreme environmental conditions is not guaranteed a priori, and critically depends on the surfaceatmosphere exchange of energy. We investigate the pine forest Yatir in Israel, an example of a man-made semi-arid ecosystem, by means of large-eddy simulations. We focus on the interaction between surface-atmosphere exchange and secondary circulations that couple the isolated forest to the surrounding shrubland. The large-eddy simulations feature a grid resolution that resolves the forest canopy in several layers, and are initialized by satellite data and Doppler lidar, eddy-covariance and radiosonde measurements. We perform three largeeddy simulations with different geostrophic wind speeds to investigate the influence of those wind speeds on the surface-atmosphere exchange. We reproduce the measured mean updrafts above the forest and mean downdrafts above the shrubland, which increase in strength with decreasing geostrophic wind speed. The largest updrafts emerge above the older, denser part of the forest, triggering secondary circulations. The spatial extent of these circulations does not cover the entire forest area, although we observe a reduced aerodynamic resistance in the regions of updraft. Our simulations indicate that the enhanced surface-atmosphere exchange of the Yatir forest is not sufficient to compensate for the increased net radiation, due to the lower albedo of the forest with respect to the surroundings, resulting in higher air temperatures inside the forest. However, the difference between the forest and shrubland temperatures decreases with increasing geostrophic wind speed due to reduction in the aerodynamic resistance.
Introduction
Afforestation efforts in semi-arid regions is a field of active research in terms of land and forest management, ecosystem services, and the mitigation of anthropogenic climate change. However, complex processes and trade-offs are often involved regarding ecosystem-atmosphere interactions (Bonan 2008; Anderson-Teixeira et al. 2011) . Positive effects, such as enhanced carbon uptake or increased humidity, possibly leading to cloud formation, are opposed by negative effects, such as enhanced water use or a lowered albedo (Betts 2000; Arneth et al. 2010) . Lowering the albedo by artificially planting trees in semi-arid regions, combined with high incoming radiation can lead to a substantial increase in available energy Eder et al. 2015) . To guarantee the survival of the artificial ecosystem, this energy load has to be removed, mainly by transport to the atmosphere. However, due to the limited water availability in semi-arid regions, the common pathway of evaporative cooling can often not be applied. Rotenberg and Yakir (2010) discovered an alternative cooling mechanism for semi-arid ecosystems from investigations of the isolated, semi-arid pine forest Yatir (predominantly Pinus halepensis), which is located at the northern edge of the Negev desert in Israel, naming this mechanism the "canopy-convector effect". The canopy-convector effect describes an amplification of energy transport by enhanced sensible heat fluxes to compensate for large net radiation, especially in dry summer periods.
While an enhancement of the heat flux with instability can already be explained for homogeneous canopies by means of the aerodynamic resistance based on Monin-Obukhov similarity theory (Banerjee et al. 2017b) , the heterogeneous nature of the isolated Yatir forest can also influence energy transport by generating secondary circulations between the forest and the surrounding shrubland, similar to the secondary circulations around heat islands, such as isolated cities and the surrounding rural area (Wang 2009 ). As hypothesized by Rotenberg and Yakir (2010) , these secondary circulations are mainly due to albedo differences between the forest and the surrounding shrubland. Due to the horizontal extent of the Yatir forest canopy of 2800 ha, emerging circulations are very likely to influence the entire atmospheric boundary layer (ABL) (Raupach and Finnigan 1995; Patton et al. 2005) , which can affect weather and climate at the regional scale (Garcia-Carreras et al. 2010 .
The first extensive investigations of secondary circulations above the Yatir forest were conducted by Eder et al. (2015) , featuring eddy-covariance and Doppler lidar measurements. From investigations of the energy balance closure, and by performing large-eddy simulations (LES) using a roughness-length parametrization, Eder et al. (2015) were able to detect secondary circulations. However, persistent updrafts above the Yatir forest were not always measured. As pointed out by them, this could be due to the measurement locations and additionally due to the strong geostrophic flow, which is mainly the result of the Persian trough system (Dayan and Levy 2002) . Additionally, Eder et al. (2015) were neither able to determine the occurrence and extension of these secondary circulations in detail, nor identify the mechanisms triggering such circulations in the LES results due to the coarse model resolution. A second measurement campaign was conducted by Brugger et al. (2018) , using eddy-covariance, Doppler lidar and ceilometer systems located upstream, inside, and downstream of the Yatir forest. From these measurements, the impact of the Yatir forest on the boundary-layer height z i was characterized, and the suppressing effect of the geostrophic wind speed on boundary-layer development was also observed and characterized.
To investigate the canopy-convector effect and its interplay with secondary circulations for the isolated Yatir forest, single-point or profile measurements have to be accompanied by additional spatial information. Large-eddy simulations have been established as a suitable research approach to model surface-atmosphere exchange for heterogeneous surfaces (e.g., Hechtel et al. 1990; Avissar et al. 1998; Albertson and Parlange 1999; Bou-Zeid et al. 2004; Prabha et al. 2007; Margulis 2009, 2010; Maronga and Raasch 2013; Miller and Stoll 2013; Schlegel et al. 2015; Kenny et al. 2017) , as LES has the advantage of resolving turbulent transport on multiple scales. An important aspect for modelling canopy turbulence is the model resolution, which has to be fine enough to resolve the canopy in several layers, since representing the canopy as a vertically-distributed momentum sink results in a more realistic implementation of the momentum sink than a simplified roughness-length parametrization (e.g., Finnigan et al. 2009; Grant et al. 2016) .
We have simulated the flow above the Yatir forest and the surrounding shrubland, by employing the "PArallelized Large eddy simulation Model" (PALM) (Maronga et al. 2015) . Using a vertical resolution of 2.5 m enabled us to resolve the Yatir forest canopy with up to six grid levels. Initialization of the model required a three-dimensional map of the plant area density (PAD) of the forest canopy, which we constructed by combining a simple thresholdbased approach for extracting the tree density from satellite data, together with measurements of the mean plant area index (PAI) at several plots and PAD profiles of single trees. We also initialized the LES model using eddy-covariance and meteorological measurements upstream and inside the Yatir forest, as well as from lidar profiles for the time of the largest incoming solar radiation. In addition to the simulation of the observed conditions, we performed two additional simulations with the same set-up as the first, but with the geostrophic wind speed reduced by 50% and then set to zero. Further, we assume a flat surface in all three simulations since, to first order, the effect of topography on boundary-layer turbulence can be neglected for the Yatir forest scenario (slope < 2%).
The three simulations enable analysis of the nature of secondary circulations, including their extent and strength, their triggering mechanisms, as well as their spatial structure by inspection of horizontal and vertical cross-sections. Furthermore, we determine the effect of secondary circulations on the aerodynamic resistance, and the extent to which surfaceatmosphere exchange and the incoming energy jointly affect the air temperature inside the Yatir forest.
Material and Methods

Model Description
The non-hydrostatic incompressible Boussinesq-approximated Navier-Stokes equations are calculated numerically with the PALM software, which solves for six prognostic equations: the three components of the velocity field, the potential temperature, the humidity or total water content, and the subgrid-scale turbulent kinetic energy (TKE). The subgrid-scale turbulence is modelled according to the method proposed by Deardorff (1980) . Equations are discretized on a staggered Arakawa C-grid (Harlow and Welch 1965; Arakawa and Lamb 1977) , and are integrated in time using a third-order Runge-Kutta scheme. The Poisson equation for pressure is solved with the fast Fourier transform method for periodic lateral boundary conditions. We used PALM version 4.0 together with the PALM canopy scheme to simulate the flow above the Yatir forest, which uses two prognostic equations for momentum and TKE modified to account for the aerodynamic drag of the canopy via a drag force term. The i'th component of the drag force F di is, according to Shaw and Schumann (1992) and Watanabe (2004) , defined by
where U is the mean wind speed, u i is the i'th component of the velocity vector u = (u, v, w) ,
is the adjustment length scale of the canopy (Belcher et al. 2003) , which is defined by the drag coefficient C d , and the spatially-varying plant area density. As the drag coefficient has not been determined for Pinus halepensis, we used the lodgepole pine value C d = 0.2 (Mayhead 1973 ) throughout all simulations. The prognostic equation of the potential temperature θ inside the canopy is
where ∂ t θ is the tendency term, u i ∂ i θ is the term for transport by mean advection, ∂ i u i θ is the turbulent transport term, and ∂ z Q is a source term for the additional heat flux to account for the interaction of the canopy with direct solar radiation. Referring to Brown and Covey (1966) , the source heat flux Q is modelled by an exponentially decreasing profile from canopy top to bottom,
where Q h c is the source heat flux at the canopy top h c , η is the extinction coefficient set to 0.6 (Maronga et al. 2015) , and F is the downwards cumulative plant area density F = h c z dz PAD(x, y,z) . However, this functional dependency is only strictly valid for the attenuation of direct solar radiation by a homogeneous canopy. When considering a canopy, which is heterogeneous in all three spatial directions, several additional contributions for the scattering of the incoming radiation on canopy elements have to be considered (Bailey et al. 2014; Matsuda et al. 2017) . However, for computational purposes, we use the simple model of Eq. 3.
Measurement Campaigns
Two measurement campaigns were performed to collect the data necessary for initialization and validation of the LES model. The first campaign took place in August 2015 and the second in September 2016.
Campaign 2015
During the dry season from 16 to 29 August 2015, Brugger et al. (2018) employed eddycovariance and lidar measurements at one forest and at one shrubland site. The shrubland site is located upstream of the Yatir forest at a distance of 1.6 km from the forest edge, while the forest site is located above the canopy of the most mature part of the Yatir forest. The eddycovariance measurements were performed at a height of 9 m above ground for the shrubland site, and at 19 m above ground for the forest site, which is approximately 10 m above, and twice the height of, the canopy top. The turbulence statistics were calculated from 30-min averages of the 20-Hz eddy-covariance data using TK3 software (Mauder et al. 2013 ). In addition to the eddy-covariance systems, one Doppler lidar was used at the shrubland site L 1 , and another at the forest site L 2 . The lidars were operated in two modes, the first being a vertical stare mode that measures profiles of the vertical velocity component with a frequency of 1 Hz for a time interval of 30 min. This mode is followed by a velocity-azimuth-display scan for generating instantaneous profiles of the horizontal wind speed and wind direction, assuming horizontal homogeneity and negligible vertical motions within the confined measurement cone (Browning and Wexler 1968) . These assumptions become more valid for a larger elevation angle (cone angle), but with the trade-off of an increased error propagation on the measurement accuracy. The velocity-azimuth-display scans were performed at an elevation angle of 70 • and with 18 azimuthal points at a separation of 20 • . A similar set-up by Päschke et al. (2015) with an elevation angle of 75 • and 24 points was found to agree well with a wind-speed profiler. The spatial resolution of the lidars is 18 m, where the three lowest levels were discarded due to measurement inaccuracies. We temporally averaged the eddy-covariance and lidar data for all days from 22 to 29 August, excluding 25 August (technical malfunction of the forest eddy-covariance station). To investigate the time of peak radiation and, therefore, of a strong canopy-convector effect, we chose a daily time-averaging interval of 1000-1200 UTC, an interval during which the incoming radiation also stays approximately constant.
To deduce the stratification of the free atmosphere, we used data from radiosonde launches at Beit Dagan (station number 40179) located approximately 75 km away from the Yatir forest, which uses radiosondes model RS92/DigiCORA II from Vaisala, Finland. The measurements were performed by the Israel Meteorological Service at 1200 UTC for all seven days. The data were distributed via the World Meteorological Organization network, which we accessed with a web-tool provided by the University of Wyoming (www.weather.uwyo.edu).
Campaign 2016
In September 2016, we measured the mean PAI value for three different plots and PAD profiles of seven single trees using the plant canopy analyzer LAI-2200 (LI-COR, Lincoln, USA; control unit SN: PCA-2270) and two optical sensors (SN: PCH-3743 and SN: PCH-3744), which employ an optical technique for the calculation of PAI values from attenuation of the total amount of radiation by foliage elements based on the Beer-Lambert law. The three plots, which were already used by Sprintsin et al. (2011) , are located in the most mature part of the Yatir forest, and feature an approximate size of 1000 m 2 each (Fig. 1a) . To capture the spatial variability, we sampled each plot in regular intervals of 8 m. Furthermore, we applied a clumping-index correction to the measured PAI values (Chen 1996; Leblanc et al. 2005) , which was derived by Sprintsin et al. (2011) for the Yatir forest. The resulting PAI values for the three plots are shown in Table 1 .
Besides the plot-averaged PAI value, we also inferred PAD profiles of seven individual trees (Fig. 1b) using LAI-2200 measurements on up to six height levels, which yielded integrated PAI values between the corresponding height level and tree top, where we again used the optical gap-fraction method. However, distance vectors were applied for each sensor ring to adjust the measurements to the specific tree shape. The PAD value was, thereafter, calculated by subtracting the PAI values for subsequent levels. The seven single trees were selected to adhere to the requirements of this method and the proximity to the forest site. Plots and single-tree PAD values were computed using the FV2200 software of LI-COR. The shapes of the resulting PAD profiles compare well with the PAD profiles of conifer Japanese larches, which were obtained by Takeda et al. (2008) using a ground-based laser scanner.
Values of Plant-Area Density and Heat-Source Calculations from Satellite and In Situ Data
To obtain a three-dimensional model of the Yatir forest canopy, we first decomposed the PAD value into a product of the local PAI(x, y) value and the normalized PAD profile a(x, y, z),
and then assumed a direct proportionality between the PAI value and the tree density ρ T (x, y),
where β is the mean PAI value per tree. To determine ρ T (x, y), we used a satellite map of the Yatir forest with a resolution of 1 m in the x and y directions. As the trees have a dark greenish colour, while the surface is shaded brownish, the red, green and blue values of the tree and non-tree pixels are different. To calculate the thresholds for the three colour channels, we analyzed a small region of approximately 660 × 600 m from the satellite map, which features regions of tree pixels and non-tree pixels (Fig. 2a) . The two distinct maxima in the histogram of the red component ( Fig. 2c ) illustrate these colour differences between tree and non-tree pixels (left = tree, right = non-tree), and the distinct maxima occur for all three colour channels. To distinguish between tree and non-tree pixels, we defined a threshold separating the two maxima for every colour channel ( Fig. 2c) , with the described procedure resulting in the binary map shown in Fig. 2b . Artefacts such as the agricultural area, which is partly transferred into tree pixels, are later removed by visual inspection and comparison with Sprintsin et al. (2007) . Subsequently, we calculated the tree-density map ρ T by applying this approach to the image of the entire Yatir forest.
To calculate the scaling factor β, we used the measured PAI values for the three plots (Sect. 2.2), and by mapping these values to the mean ρ T value for the three plot areas, we inferred the factor β to further calculate the value of PAI (x, y) . Defining the forest area through all pixels with a non-zero PAI value leads to a total forest area of 3500 ha, which is a value larger than the 2800 ha mentioned by Rotenberg and Yakir (2010) . However, the difference is basically due to areas of small PAI values on the trailing edge of the Yatir forest, which can be seen from a comparison with the maps of the leaf area index of Sprintsin et al. (2007) . Finally, we employed Eq. 4 to compute the three-dimensional PAD map by randomly assigning the normalized measured PAD profiles (Sect. 2.2) to tree pixels to model the natural variability of tree shapes and foliage density within the forest.
To simulate heating of the modelling domain by solar radiation, a two-dimensional map of the source heat flux at the canopy top Q h c (x, y) , in addition to a two-dimensional map of the kinematic heat flux at the surface w θ | z=0 (x, y) , is needed. Both quantities are kept constant during the simulation so as to assume a constant net radiation, which corresponds to 
2).
To determine Q f from H s and the measured heat flux at the forest site H f , we calculated the footprint of the forest eddy-covariance tower for the period of the measurements using the TK3 software (Mauder et al. 2013 ) and the fraction p of tree pixels in that footprint. Further, we used
and set w θ 0 = Q(z = 0), where Q is calculated from Q h c and the PAD map using Eq. 3.
Numerical Set-up
The simulation set-up consists of both a preliminary simulation and the main simulation. We modelled a dry atmosphere in all cases because of the negligible energy transport by latent heat fluxes at the Yatir forest (Rotenberg and Yakir 2010; Eder et al. 2015) . The bottom of the surface domain was taken as a flat surface because of the gentleness of the topography. The preliminary simulation was initialized by the measurements from the shrubland eddycovariance system and of L 1 , together with the balloon measurements of the inversion above the ABL (Sect. 2.2). This LES set-up did not feature a forest canopy and, therefore, simulates the shrubland surrounding the Yatir forest. The numerical values of the input quantities for the preliminary simulation are shown in Table 2 , where the roughness length was chosen according to Eder et al. (2015) , and the geostrophic wind speed u 0 was calculated from vertically averaging the measured horizontal wind speed at L 1 . The geostrophic wind speed, which is also used as an upper boundary condition for the horizontal wind speed, was kept constant to model a constant pressure gradient driving the simulation. The main purpose of the preliminary simulation, whose simulation time was 2 h, was to decouple the spin-up needed to reach a stationary turbulent state from the main simulation.
The main simulation was initialized by the prognostic variables at the end of the preliminary simulation at every grid point, the PAD values, and the Q map, which were both rotated into the mean wind direction (315 • ), while the Coriolis parameters were also adjusted accordingly. The simulated time of the main simulation is 1 h, and data were extracted from the second 30-min period. Due to the applied constant surface heat flux, the value of z i increases during the simulations. Therefore, we chose the initial z i value of the preliminary simulation so that the mean measured value of 1402 m (Sect. 2.2) is reproduced in the main simulation. Using z i = 1000 m to initialize the preliminary simulation leads to z i = 1350 m at the start and z i = 1450 m at the end of the main simulation, which satisfied this aim.
Both simulations feature the same grid resolution corresponding to dx × dy × dz = 5.0 m × 7.5 m × 2.5 m, which enables the resolution of the forest canopy with up to six grid levels, and gives reasonable values for the aspect ratios dx i /dx j (Maronga et al. 2015) . We chose dx < dy, as the larger gradients at the forest edges appear along the mean wind direction. Due to the periodic lateral boundary conditions used, the size of the domain had to be of a sufficient size to prevent the self-interaction of the forest. Therefore, we used a domain size of 30.72 km × 15.36 km × 2.56 km, resulting in 6144 × 2048 × 1024 ≈ 1.3 × 10 10 grid points. Due to the large amount of grid cells, the simulations were performed at the supercomputing facility SuperMUC (Leong and Kranzlmüller 2015) .
Besides the reference LES set-up featuring a geostrophic wind speed of 5.7 m s −1 , we also performed two main and corresponding preliminary simulations for geostrophic wind speeds of 2.8 m s −1 and zero, keeping constant the other input values as defined in Table 2 . We additionally changed the grid dimensions to 4096 × 2816 × 1024 ≡ 20.48 km × 21.12 km × 2.56 km in the latter case to prevent self-interaction from the periodic boundary conditions.
Structure of Modelling Results
We extracted five different fields from the model results: 
Results
Reference Simulation
Comparison with Lidar Data
At first, we compared the measured lidar profiles for the mean horizontal wind speed U , the mean vertical velocity component w, and its standard deviation σ w , with the single profile and spatially-averaged LES profiles at locations L 1 and L 2 (Fig. 4) . While the measured profiles were averaged over the early afternoon of the total measurement campaign (Sect. 2.2), the simulated profiles were averaged over 30 min. The standard deviations were calculated with respect to time averaging for the single profiles at L 1 and L 2 , and with respect to spatial averaging for the areas A C1 and A C2 . We find that the simulated values of U underestimate the observed values by approximately 1.5 m s −1 for z < 500 m, and show an opposite behaviour above that height at both lidar positions. The simulated single profiles and the spatially-averaged profiles agree well over the full height range. The strong fluctuations of the measured profiles above 1000 m reflect a weak signal-to-noise ratio and missing data at these altitudes. All three U profiles at both lidar positions remain within the standard deviation of the spatially-averaged LES profiles. The w profiles show large differences between all three profiles recorded by both lidar instruments. While the measurements show downdrafts for L 1 and updrafts for L 2 nearly throughout the entire ABL, the smoother simulated profiles show downdrafts for both positions. Once more, all three w profiles remain within the standard deviation of the spatially-averaged LES profiles, as the standard deviations (σ w for L sim C ) are up to one order of magnitude larger than for the w profiles. The three σ w profiles agree well for both lidar positions. However, the maximum amplitude of the measured profile at L 1 is attained at lower heights in comparison with the simulated profiles.
Spatially-Averaged Profiles
Besides the investigation of single profiles at the locations L 1 and L 2 and the areas A C1 and A C2 , we averaged U , w, σ w , the standard deviation of the horizontal wind speed σ U , the mean potential temperature θ , the vertical turbulent kinematic heat flux w θ , the friction velocity u * , and TKE values, e, for the areas A f,tot , A s,tot , A f,old and A f,new (Sect. 2.5), and present them in Fig. 5 . All second-order statistics are presented as 30-min time averages of the spatial (co-)variances.
The U values are smaller close to the ground for the forest regions, while the profiles converge at a larger altitude. The w plot shows updrafts for all three forest areas, where w A f,old reaches the largest values. The w A s,tot profile values are one order of magnitude Comparison of spatially-averaged profiles of U , w, σ U , σ w , θ, w θ , u * , and TKE e for the four averaging regions A f,tot (solid green), A s,tot (solid black), A f,old (coarse dashed green), and A f,new (fine dashed green). The second-order statistics are calculated with respect to spatial averaging. Additionally, a 30-min time average was applied to the profiles smaller than the forest profiles, but show downdrafts over the full range of heights. The potential temperature above the Yatir forest is up to 2 K higher than above the shrubland, where the differences between the individual forest profiles are quite small. The sensible heat flux is up to twice as large above the Yatir forest than above the shrubland, where the largest fluxes occur above the area A f,old close to the ground. The standard deviations σ U and σ w are higher for the forest than for the shrubland, where the difference between the forest patches are small. The profiles of u * and TKE also attain larger values for the forest than for the shrubland throughout the ABL, where the largest differences appear for u * values close to the surface.
Horizontal Cross-Sections
Besides one-dimensional profiles, we also extracted horizontal cross-sections of the prognostic variables at different levels above ground, which are resolved on a 15 m × 15 m grid. Figure 7 shows the vertical velocity component at the canopy top (w h c ) and the lowestlevel pressure fluctuations ( p * 0 ) at the grid resolution for a smaller horizontal area. For w h c , updrafts emerge behind the leading canopy edges, with downdrafts behind the trailing edges, but the updraft regions are smaller. These edge effects occur either at the boundary of the forest (dashed black line in Fig. 7) or at clearings inside the forest (compare with the inset in Fig. 1a) . A similar behaviour appears for p * 0 values, with larger and lower values behind leading and trailing edges, respectively. However, the extended area of low pressure downstream of the area A f,old (Fig. 6 ) is superimposed on those edge effects.
Variation of the Geostrophic Wind Speed
To investigate the effect of the geostrophic wind speed and, therefore, of atmospheric stability on secondary circulations and surface-atmosphere exchange, we performed two additional simulations using the same set-up as the weakly-convective reference case (see Sect. 2.4), but with the geostrophic wind speeds set to u 0 /2 = 2.85 m s −1 and zero to represent mildlyand strongly-convective conditions, respectively. At first we investigated w values for the two additional simulations and different averaging regions (Fig. 8) , where updrafts above the Yatir forest and downdrafts above the shrubland occur for the entire ABL in both scenarios. The updrafts are approximately twice as strong (in terms of the vertical velocity) for the mildlyconvective case than for the weakly-convective case, and one order of magnitude larger for the strongly-convective case (compare Fig. 5 ). While the value of w A f,new is larger than w A f,old in the mildly-convective case, an opposite relation emerges for the strongly-convective case. The largest updrafts of up to 0.6 m s −1 also occur for the strongly-convective simulation. The investigation of secondary circulations for the two additional simulations by inspection of horizontal cross-sections (Fig. 9 ) reveals a region of convergence in v values downstream of the area A f,old for the mildly-convective case at height h c , which is accompanied by an area of low pressure. However, the horizontal distance from the area A f,old is smaller, and the amplitudes of the velocity fields are larger in comparison with the weaklyconvective case. Again, updrafts at height z i /2 and divergence at height z i appear. In the strongly-convective scenario, the area of low pressure, as well as the secondary circulation, are centred directly above the area A f,old . For w z i /2 values, hexagonal cells with strong updrafts above the area A f,old occur. Besides the extended circulation above the area A f,old , a second circulation appears above the upper right part of the area A f,new , but it is smaller and weaker.
Investigation of the effect of the Yatir forest on the incoming circulations (rolls for the weakly-and mildly-convective cases, and cells for the strongly-convective case) is enabled by plotting in Fig. 10 y−z cross-sections of w at the three different x-positions upstream of (x = x u ), within (x = x L 2 for the weakly-and strongly-convective cases, x = x e for the mildlyconvective case), and downstream from (x d ) the forest as defined in Fig. 3 . For the weaklyand mildly-convective cases, the incoming circulations show a similar shape, featuring four regions of updrafts and downdrafts, while the pattern for the strongly-convective case shows eight regions of updrafts and downdrafts, featuring a smaller spatial extension. Strong updrafts emerge at the planes intersecting the forest in all three cases, while the y-position of these updrafts drifts from the forest edge for the weakly-convective case to the forest centre for the strongly-convective case, reaching the largest amplitudes of all considered cases. The x d cross-sections show similar structures as the corresponding cross-sections for x u .
Investigation of the heat exchange between the ground and atmosphere from profiles of θ, w θ and the aerodynamic resistance r a H = θ 0 − θ(z) /w θ (Fig. 11 ) reveals a potential temperature above the Yatir forest exceeding the shrubland values for an increasing height range with decreasing geostrophic wind speed. While the three θ profiles of the forest converge in all three scenarios, clear differences between the scenarios and averaging regions appear for w θ values, with w θ A f,old attaining the largest values throughout the ABL, where the distance to the other forest profiles grows with decreasing geostrophic wind speed; w θ A s,tot is the smallest for all scenarios. The aerodynamic resistance profiles are larger for the shrubland than for the Yatir forest in all considered cases. While the r a H profiles of the forest converge for the weakly-and mildly-convective cases, the value of r a H | A f,old is up to 50% smaller than the value of r a H | A f,new for the strongly-convective scenario, where it remains constant.
Investigation of the temperature differences at the lowest grid level between the Yatir forest and the shrubland (Fig. 12 ) reveals generally larger forest temperatures than the mean shrubland temperature for all three scenarios, but temperature differences are reduced with decreasing geostrophic wind speed. The reduction is largest for the new part of the forest, and smallest for the old part of the forest, as also indicated in Table 3 . Here we have excluded the clearings inside the forest, which show a similar behaviour to the surrounding shrubland, and considered the lowest-level air temperatures at the tree pixels for the different forest patches. The aforementioned decrease of the lowest-level air temperature of the forest with Fig. 10 Vertical y−z cross-sections of w values for the weakly-convective (first row), mildly-convective (second row) and strongly-convective (third row) cases upstream of (first column), within (second column), and downstream from (third row) the forest. For the weakly-and strongly-convective cases, the plane intersecting with the location L 2 is used in the second column. For the mildly-convective case, the plane intersecting with the trailing edge of the forest is used. The grey boxes at the bottom of the subplots in the second column depict the extension of the Yatir forest for this specific x-value Table 3 Fraction of the forest area with a smaller lowest-level air temperature than the mean shrubland value in percent. The first/second/third columns are normalized by A f,tot /A f,old / A f,new , respectively decreasing geostrophic wind speed leads to a change from 0.01 to 0.6% for the older part, and from 0.21 to 2.9% for the newer part of the forest.
Discussion
While we approximately reproduced the observed profiles of U and σ w in the reference simulation (Fig. 4) , we were not able to simulate the observed downdrafts and updrafts at the locations L 1 and L 2 , respectively, even when applying a spatial average for the circular regions A C1 and A C2 . However, the observed U and w profiles remain within a margin of one standard deviation within the simulated profiles for the regions A C1 and A C2 , which shows a strong spatial variation of the velocity components. To further investigate surface- Fig. 11 Comparison of spatially-averaged profiles of θ, w θ and r a H for the weakly-convective (first row), the mildly-convective (second row) and the strongly-convective (third row) cases. The profiles are averaged for the regions A f,tot (solid green), A s,tot (solid black), A f,old (coarse dashed green), and A f,new (fine dashed green) Fig. 12 Air-temperature differences between forest pixels and the mean shrubland temperature at the lowest grid level for the weakly-convective (blue), mildly-convective (orange), and strongly-convective (yellow) simulations. The left, central and right subplots show tree pixels located within the areas A f,tot , A f,old and A f,new , respectively. The areas of a certain temperature value A θ are normalized by the respective total areas of tree pixels (A f,tot , A f,old , A f,new ) for the three subplots atmosphere exchange of the total forest and the total shrubland, we applied a spatial average for the corresponding areas A f,tot and A s,tot , resulting in updrafts above the Yatir forest and downdrafts above the shrubland (Fig. 5) . We also find that the older and denser area of the Yatir forest A f,old has a larger effect on the updrafts and energy transport by means of the vertical heat flux than the newer and less-dense area A f,new . The larger w θ value at the canopy top is mainly explained by stronger heat sources due to the larger tree density of the area A f,old . The stronger heat sources of the forest in comparison with the shrubland also lead to higher temperatures near the surface inside the Yatir forest. Smaller values of U and larger values of σ U , σ w , u * and TKE for the Yatir forest are mainly explained by a larger roughness, the consequent attenuation of the geostrophic wind speed, and mechanical production of turbulence (Banerjee et al. 2017a) . Another effect of this canopy-induced attenuation is the occurrence of low-pressure regions in the lee of the Yatir forest (Fig. 6) , which is consistent with Cassiani et al. (2008) , who performed LES investigations of flow past leading and trailing forest edges in neutral conditions. However, the applied surface heating reduces the region of negative w values (Fig. 7) in comparison with the region of lower pressure. As the area A f,old features the largest PAI values, the pressure in the lee of the older part of the forest attains the lowest values (Cassiani et al. 2008; Banerjee et al. 2013; Chatziefstratiou et al. 2014) . This low-pressure region downstream of the area A f,old subsequently triggers convergence (in the v component), which leads to the observed updrafts at height z i /2 and divergence at height z i . Due to its location, this secondary circulation is unable to couple the total forest with the surrounding shrubland to enhance energy transport. Besides the effects due to trailing canopy edges, we also encountered the effects of leading edges (Fig. 7) . Strong attenuation of the incoming flow leads to enhanced pressure and updrafts past those edges. However, this effect only features a small horizontal extension of 50-100 m for the PAD values of the Yatir forest, which is consistent with numerical studies (Dupont and Brunet 2008; Belcher et al. 2012) and analytical investigations (Belcher et al. 2003; Kröniger et al. 2018 ) of canopy-edge flow, making it, therefore, of minor importance for surface-atmosphere exchange of the entire forest.
Reducing the geostrophic wind speed from u 0 (weakly-convective scenario) to u 0 /2 (mildly-convective scenario) and to zero (strongly-convective scenario) in two additional simulations reveals a strong impact on the updrafts above the Yatir forest, with the largest updrafts of 0.06 m s −1 for the weakly-convective case (Fig. 5) , 0.1 m s −1 for the mildlyconvective case, and 0.5 m s −1 for the strongly-convective case (Fig. 8 ). An increase in updraft velocity with decreasing geostrophic wind speed is consistent with the discussion of Eder et al. (2015) . Considering the different forest patches, stronger updrafts above the area A f,old than A f,new are found for the weakly-and strongly-convective cases, which is explained by a larger convective velocity w * = gz i H 0 /θ 0 1/3 (Lenschow et al. 1980 ) above the area A f,old due to the larger sensible heat fluxes there. However, the value of w A f,old is smaller than the value of w A f,new for the mildly-convective scenario as revealed by horizontal w cross-sections in Fig. 9 . In comparison with the weakly-convective case, the downstream advection of the secondary circulation is reduced. Therefore, the region of strong updrafts is relocated above the area A f,new , while a region of slight downdrafts is located above the area A f,old . Hence, the secondary circulation counteracts the larger w * above the area A f,old , leading to smaller updrafts. While the secondary circulation for the mildly-convective case is still generated by mechanical effects, buoyancy is the driving force of surface-atmosphere exchange for the strongly-convective scenario, which leads to hexagonal "fishnet" structures (Schmidt and Schumann 1989; Kanak et al. 2000; Fujiwara et al. 2011; Patton et al. 2016; Salesky et al. 2017) for w z i /2 , and to strong updrafts above the Yatir forest, especially above the area A f,old (Fig. 9) . The influence of the Yatir forest on the incoming circulations was investigated by inspection of y−z cross-sections of w upstream of (x = x u ), within (x = x L 2 for the weaklyand strongly-convective cases, and x = x e for the mildly-convective case), and downstream from (x = x d ) the forest, as shown in Fig. 10 . The different structure of the undisturbed velocity field for the weakly-convective/mildly-convective cases and the strongly-convective cases at x u is again explained by a transition from roll-like circulations for the weakly-and mildly-convective cases, to fishnet structures for the case of strong convection (Etling and Brown 1993; Maronga and Raasch 2013) . The lateral dimensions of these circulations are mainly defined by the boundary-layer height z i for the fishnet structures, while for the weakly-and mildly-convective cases, larger circulations also appear. The general structure of these circulations is recovered at the downstream plane in all three cases. The impact of the Yatir forest on incoming circulations is influenced by the different driving mechanism for the three cases as depicted by the cross-sections intersecting with the forest. For the weakly-and mildly-convective cases, the secondary circulations are induced by the region of low pressure downstream of the area A f,old (Fig. 6) , while the secondary circulation is mainly driven by buoyancy for the strongly-convective case, which explains the central location, the extension of the updraft region, and the larger values of boundary-layer height above the Yatir forest. The reason why we chose the x L 2 plane for the weakly-convective/strongly-convective case and the x = x e plane for the mildly-convective case is for their exact correspondence to the location of the secondary circulation (Fig. 9) . For the weakly-and mildly-convective cases, the secondary circulations are mainly located between the x L 2 and x d planes. However, for the weakly-convective case, the x L 2 plane intersects with the uppermost part of the corresponding circulation, while the x d plane intersects with the lowermost part for the mildly-convective case.
Investigation of the influence of the secondary circulations on surface-atmosphere exchange by analysis of the aerodynamic resistance (Fig. 11 ) reveals that the value of r a H for the Yatir forest is smaller than for the shrubland in all investigated scenarios because of the larger value of u * above the forest, and r a H is indirectly proportional to this quantity (Yang et al. 2001 ). There is a decrease in the value of r a H | A f,tot for decreasing geostrophic wind speed, which is explained (Banerjee et al. 2017b ) by the decrease in the aerodynamic resistance with increasing atmospheric instability, while we expect the same argument to apply to the value r a H | A s,tot . However, while reducing the geostrophic wind speed from u 0 to u 0 /2 leads to a decrease in the value of r a H | A s,tot , an increase of approximately the same amount occurs for the strongly-convective case resulting from secondary circulations, which are strong enough to decrease the sensible heat flux above the shrubland, leading to an increase of the value of r a H there. Furthermore, the secondary circulations also affect the values of r a H | A f,old and r a H | A f,new . While the two profiles converge for the weakly-and mildlyconvective cases, the value of r a H | A f,old is nearly 50% smaller than the value of r a H | A f,new for the strongly-convective scenario. In this case, the updrafts above the area A f,old and slight downdrafts above the area A f,new (Fig. 9 ) affect the value r a H in opposite ways. While the exchange increases above the area A f,old , the downdrafts above the area A f,new counteract the decrease in r a H resulting from the increase in atmospheric instability, leading to a constant value.
While the surface-atmosphere exchange at the Yatir forest is of sufficient strength to increase the air temperatures above the forest throughout the ABL (Fig. 11) , on average, the strength of the exchange is insufficient to fully offset the difference in net radiation to the extent that it may reduce the averaged lowest-level air temperature of the forest below the shrubland value. However, we find that the fraction of the forest featuring lower temperatures than the shrubland increases with decreasing geostrophic wind speed ( Fig. 12 and Table 3 ). In addition, we also find that the lowest temperatures occurred for the area A f,new and not for the area A f,old , despite the 50% lower r a H values, which also shows that the incoming energy to the Yatir forest cannot be completely compensated by the enhanced surface-atmosphere exchange.
Summary and Conclusions
We investigated the influence of secondary circulations on the surface-atmosphere exchange of the isolated semi-arid Yatir forest by means of the LES approach by using the PALM software, and deduced the location and extension of those circulations, including their triggering mechanisms for varying geostrophic wind speeds. We also extracted the effect of the secondary circulations on the updrafts above different regions of the forest, and quantified the effects of the secondary circulations on the surface-atmosphere exchange of energy by investigating the aerodynamic resistance and the impact on air temperatures inside the Yatir forest.
To construct a virtual copy of the Yatir forest canopy, we used a threshold-based approach to infer the tree density from satellite data alongside the measurements of PAI and PAD values. A vertical grid spacing of 2.5 m enabled the resolution of the forest canopy in to several layers, and the application of the PALM canopy scheme (Brown and Covey 1966; Shaw and Schumann 1992; Watanabe 2004; Bohrer et al. 2009; Maronga et al. 2015) . We initialized the simulations with lidar, eddy-covariance and radiosonde measurements described by Brugger et al. (2018) averaged for 2-h intervals in the early afternoon of seven consecutive days. We performed three LES set-ups with varying geostrophic wind speed to investigate the impact on the surface-atmosphere exchange, with the reference simulation based on the actual geostrophic wind speed u 0 according to lidar measurements, and reduced to values of u 0 /2 and zero for the other two simulations corresponding to weakly-, mildly-convective and strongly-convective conditions, respectively. As atmospheric stability significantly affects the boundary-layer dynamics above canopies (Patton et al. 2016) , the three scenarios also represent surface-atmosphere interactions at the Yatir forest at different times of the day.
Due to the large computational demand of the LES approach, we extracted data for a single 30-min interval. This short-term statistical approach prevented reproduction of the observed updrafts above the Yatir forest, as well as the observed downdrafts above the shrubland from the reference simulation. However, the spatial standard deviation of the LES results within 3 km of the lidars indicates large spatial fluctuations of the flow variables. From investigation of the flow variables above the total forest area A f,tot , as well as above the total shrubland area A s,tot , updrafts above the forest, and downdrafts above the shrubland were replicated. A decrease in geostrophic wind speed increases the strength of these updrafts and downdrafts, which is consistent with Eder et al. (2015) , with the strongest updrafts occurring above the region of the older, denser part of the Yatir forest A f,old .
Besides investigating secondary circulations by means of spatially-averaged w profiles, we also investigated cross-sections of the prognostic variables, illustrating horizontally-extended secondary circulations spanning the full ABL for all three LES set-ups. These secondary circulations are mainly produced by mechanical effects for the weakly-and mildly-convective cases, while buoyancy is the driving force in the strongly-convective case. In all three cases, the secondary circulations do not couple the full forest to the shrubland due to the location and size of these structures, which indicates that the Yatir forest is too large to interact with the surrounding shrubland by a single secondary circulation. Therefore, downdrafts also appear above the Yatir forest, decreasing the surface-atmosphere exchange of energy with respect to a smaller forest, and resulting in the interaction with the atmosphere by a single circulation. While the flow across the trailing edge of the old part of the forest triggers the secondary circulations in the weakly-and mildly-convective cases, we find that the leading canopy edges have a minor effect on the surface-atmosphere exchange of the Yatir forest. From investigation of the vertical cross-sections upstream of, within, and downstream from the forest, we identified the influence of the forest canopy on the incoming circulations, with the largest impact detected for the strongly-convective scenario, where the updrafts have a significant effect on the height of the boundary layer above the Yatir forest.
To quantify the influence of secondary circulations on the surface-atmosphere exchange, we investigated profiles of aerodynamic resistance, detecting a higher resistance for the shrubland than for the Yatir forest in all investigated cases, and finding a decreasing aerodynamic resistance with decreasing geostrophic wind speed from a value of u 0 to u 0 /2. These findings are again consistent with Banerjee et al. (2017b) and the statement of Eder et al. (2015) concerning the suppressing mechanism of the geostrophic wind speed on the canopy-convector effect. However, for the strongly-convective scenario, we encountered a strong influence of the secondary circulations on aerodynamic resistance, leading to an increase in r a H above the shrubland for increasing atmospheric instability. In contrast, the secondary circulations enhance the surface-atmosphere exchange in the updraft regions, mainly above the area A f,old . We also find that the heat exchange of different forest regions with the atmosphere is still not sufficiently strong to counteract the incoming radiative energy, which results in higher mean air temperatures inside the Yatir forest than for the shrubland in all cases. However, there is an increased effect of the forest area with a lower air temperature than the shrubland for a decreasing geostrophic wind speed, which is a signature of the canopy-convector effect. The result that the surface-atmosphere exchange is unable to overcome the incoming radiative energy also explains the higher air temperatures inside the older than inside the newer, less dense, part of the Yatir forest, despite the lower r a H values.
For the special case of the Yatir forest, our case study gives a good understanding of the processes affecting energy transport between the forest canopy and the atmosphere. The effect of secondary circulations on the surface-atmosphere exchange on the temperatures inside the forest could also be considered in further studies of isolated ecosystems, or be used for recommendations for successful afforestation efforts in semi-arid regions. Moreover, idealized studies on the aerodynamic resistance of heterogeneous surfaces should be helpful for gaining a deeper understanding of the effect of secondary circulations on the surfaceatmosphere exchange for isolated ecosystems, such as the Yatir forest.
